ABSTRACT: The chromodomain, helicase, DNA-binding protein 5 (CHD5) is a chromatin remodeling enzyme which is implicated in tumor suppression. In this study, we demonstrate the ability of the CHD5 PHD fingers to specifically recognize the unmodified N-terminus of histone H3. We use two distinct modified peptide-library platforms (beads and glass slides) to determine the detailed histone binding preferences of PHD 1 and PHD 2 alone and the tandem PHD 1−2 construct. Both domains displayed similar binding preferences for histone H3, where modification (e.g., methylation, acetylation, and phosphorylation) at H3R2, H3K4, H3T3, H3T6, and H3S10 disrupts high-affinity binding, and the three most N-terminal amino acids (ART) are crucial for binding. The tandem CHD5−PHD 1−2 displayed similar preferences to those displayed by each PHD finger alone. Using NMR, surface plasmon resonance, and two novel biochemical assays, we demonstrate that CHD5−PHD 1−2 simultaneously engages two H3 N-termini and results in a 4−11-fold increase in affinity compared with either PHD finger alone. These studies provide biochemical evidence for the utility of tandem PHD fingers to recruit protein complexes at targeted genomic loci and provide the framework for understanding how multiple chromatinbinding modules function to interpret the combinatorial PTM capacity written in chromatin.
T he chromodomain, helicase, DNA-binding (CHD) protein family falls into a class of enzymes that use energy derived from ATP hydrolysis to alter histone−DNA contacts within chromatin. 1 There are nine members of the CHD family of proteins (CHD1−9) characterized by two signature motifs: tandem chromodomains near the N-terminus and an SNF2-like ATPase domain located in the central region of the protein sequence 1 ( Figure 1A ). Of the known CHD family members, CHD4 (also known as Mi-2β) is the best characterized. It has broad tissue distribution and exists in the Mi-2/nucleosome remodeling and deacetylase (NuRD) complex, which couples histone deacetylation and chromatin remodeling ATPase activities. A decade of research has uncovered a number of connections between the Mi-2/ NuRD complex and a myriad of cellular processes including gene regulation, cell cycle progression, stem cell biology, and oncogenesis. 2−11 A number of PHD fingers, including those of AIRE, BHC80, CHD4 , and DNMT3L, can recognize unmodified histone H3. 30 Structural analysis reveals that these PHD fingers bind the first several residues of the histone H3 tail in an extended binding pocket, stabilizing the complex through a network of hydrogen bonds and salt bridges. The residues important for histone tail interaction in the homologous CHD4 PHD1 and PHD2 fingers are conserved in CHD5.
Though CHD5 shares a high degree of sequence similarity with CHD4 (Figure 1 ), its expression is predominantly brain specific. 12, 13 Interestingly, CHD5 mutation, deletion, and downregulation are implicated in a multitude of different cancer types such as neuroblastoma, glioma, melanoma, prostate, ovarian, gastric, lung, and laryngeal. 14−25 There is some evidence of aberrant CHD5 promoter methylation as the cause of downregulation in certain cancer types. One study, which analyzed the DNA methylation profiles for all nine CHD family members, found that CpG island hypermethylation was unique to only the CHD5 promoter in human cancer cell lines and primary tumors, particularly gliomas, colon, and breast carcinomas. 18 RT-qPCR analyses were used to correlate CHD5 loss of expression with promoter hypermethylation. CHD5 mRNA levels were restored upon treatment with a DNA demethylating agent. 18 Most notable is the role of CHD5 in neuroblastoma tumor suppression. 13, 26 The possibility of a single genetic deletion in neuroblastomas driving tumorigenesis led to the identification of CHD5 as a key tumor suppressor controlling proliferation, apoptosis, and senescence via the p19 Arf /p53 pathway.
27−29
Early investigation of a panel of neuroblastoma cell lines found consistently low or undetectable expression levels of CHD5. This bolstered a potential tumor suppressive role for CHD5. 12, 28 Immunohistochemical analysis of 90 primary neuroblastic tumors demonstrated a strong association of CHD5 expression with favorable prognostic value. 26 Interestingly, recent studies of prostate cancer have reported mutations in CHD5. 24, 55 Recent work has revealed the ability of CHD5 to associate with a NuRD-like complex in mouse brain. Depletion of CHD5 with shRNA lead to altered expression of genes implicated in aging, Alzheimer's, and normal neuronal function. 13 Chromatin immunoprecipitation (ChIP) experiments in cultured rat neurons found that signal for CHD5 was 2−10-fold higher than a control IP (IgG) at some target genes. Increased signal suggested the possibility of direct regulation by CHD5. 13 Though CHD5 is proposed to function as a chromatin remodeling protein, there is currently limited evidence to suggest it directly binds and modulates its target genes. Assessing the protein motifs of CHD5 and elucidating the biochemical properties required for association and regulation of target genes could provide a foundation for design strategies that modulate CHD5's tumor suppressive function. 29 Unique to members CHD3−5 are two N-terminal PHDfinger domains 12 ( Figure 1A ). The PHD finger is a small modular protein domain of 50−80 amino acid residues that appears in a multitude of chromatin-associated proteins. 30−32 The unifying characteristic of the PHD-finger family is an evolutionarily conserved Cys4-His-Cys3 motif, which serves to anchor two zinc atoms in a cross-brace topology. 33−35 The PHD fold consists of a two-strand antiparallel β-sheet and a Cterminal α-helix (not necessarily present in all PHD fingers). 30,32,36−38 PHD fingers are found in over 100 human proteins, and besides the canonical zinc coordinating Cys4-HisCys3 motif, their sequences vary widely. Many PHD-finger domains have the capability of recognizing methylated, unmethylated, and, most recently, acetylated lysine residues on histone proteins. 34,35,38−44 Because CHD3−5 contain tandem PHD-finger domains (Figure 1) , there is the possibility for each individual domain to recognize a specific histone modification, and the dual domains can display a combinatorial effect that is reflected in cooperative binding during readout of histone modification patterns. 40, 44, 45 There are three similar, but subtly distinct, possibilities for combinatorial recognition by paired histone binding modules: (1) a tandem domain can cooperate to bind a single modification, (2) a tandem domain can cooperate to bind two modifications on the same histone tail (same protein), or (3) paired domains can cooperate to bind two modifications on different histone tails (different proteins).
In this study, we utilized two different peptide-library platforms and multiple biochemical binding assays to demonstrate the ability of the CHD5 PHD fingers to specifically recognize the unmodified N-terminus of histone H3. The binding selectivity for the tandem PHD-finger domain of CHD5 (CHD5−PHD 1−2 ) displayed minimal deviation from the preferences of each PHD finger alone. The tandem PHD fingers of CHD5 simultaneously binds two H3 tails, leading to a significantly slower off rate on immobilized histone peptides. This avidity effect provides biochemical evidence for the ability of tandem chromatin reader domains to enrich chromatin complexes at target genomic loci.
■ EXPERIMENTAL PROCEDURES
General Methods. Amino acids were purchased from Novabiochem and Bachem. Tentagel resin was purchased from Peptides International. Microscope slides were purchased from Intavis Bioanalytical Instruments. All other chemicals and biochemicals were obtained from Sigma-Aldrich. The plasmid for GST fusion of the BHC80 PHD finger (486−543) was obtained by Prof. Yang Shi. The PHD domains of CHD5 (PHD 1 : 338−393; PHD 2 : 413−468; PHD 1−2 : 338−468) were fused with glutathione S-transferase in the pGEX-KG vector. Fusion proteins were purified as described. Solid phase and celluspot peptide synthesis was performed on an Intavis ResPep SL. Analytical gradient HPLC was performed on a Shimadzu series 2010C HPLC with a Vydac C18 column (10 μm, 4.6 × 250 mm), and peptide purification was performed on a Beckman BioSys 510 with a C18 column. Arraying was accomplished on a GeneMachines OmniGrid Arrayer with TeleChem SMP3 quill-like pins. Isothermal titration calorimetry was performed on a MicroCal VP-ITC microcalorimeter.
Celluspot Library Construction. Celluspot peptides were synthesized on acid-soluble Fmoc-β-alanine etherified cellulose paper disks (1.0 μmol/cm 2 loading capacity) available from Intavis Bioanalytical Instruments. Standard amino acid building blocks were purchased from Peptides International. All modified amino acids are commercially available from Novabiochem, and peptide reagents were obtained from Sigma-Aldrich. Standard Fmoc-mediated peptide synthesis was used, and coupling was mediated by Cl-6-HOBt/HBTU/ DIEA activation (5:5:8 equiv). Peptide deprotection was performed using 150 μL of a side-chain deprotection solution (trifluoroacetic acid/triisopropylsilane/water/dichloromethane: 80%, 3%, 5%, 12%) for 2 h at room temperature. Cellulose− peptide conjugates were solubilized overnight in 250 μL of cellulose solvation solution (trifluoroacetic acid/trifluoromethansulfonic acid/triisopropylsilane/water: 88.5%, 4%, 2.5%, 5%). Ice-cold ether (750 μL) was added to the dissolved cellulose−peptide conjugate. The solution was briefly mixed and allowed to cool at 20°C for 1 h to facilitate precipitation. Precipitated conjugate was pelleted by centrifugation at 3000 rpm. The pellet was washed twice with fresh cold ether. After the final washing step, residual ether was evaporated in a fume hood and 500 μL of dimethyl sulfoxide (DMSO) was added to the dried pellet in order to facilitate resolvation. The cellulose− peptide conjugate stock solutions were stored at 20°C. Stock peptide solutions (6 μL) were transferred to a Genetix high sample recovery 384-well plate, and 1 μL of 7× SSC buffer (1 M NaCl; 100 μM Na 3 C 6 H 5 O 7 ·2H 2 O; pH 7.0) was added. The library was arrayed with the GeneMachines OmniGrid Arrayer with TeleChem SMP3 quill-like pins. A 0 ms dip time and 250 ms print time were used. Each member of the library was arrayed in a 4 × 4 grid with 500 × 500 μm spacing. Three libraries were arrayed on a single microscope slide (Intavis) and stored at 4°C until use. For construction of the H3unmod dilution library a peptide corresponding to the first 11 amino acids of histone H3 was synthesized in the same manner as described above and diluted using a blank celluspot disk dissolved in DMSO over 2 orders of magnitude.
H3 Combinatorial Library Synthesis and On-Bead Assay. Details of the H3 library design and synthesis can be found in ref 46 .
GST-Based Slide Assay. Assays were performed using three-chambered SecureSeal hybridization gaskets (Grace BioLaboratories). After securing the gasket to the surface of the slide ∼300 μL of TBST (50 mM Tris; 150 mM NaCl; 0.05% Tween-20; pH 7.5) was used to hydrate the chamber. The slide surface was subsequently blocked with a 1% BSA/TBST solution for 1 h at room temperature. The blocking solution was aspirated, and 300 μL of 1 μM (PHD 1 and PHD 2 ) or 100 nM (PHD 1−2 ) GST-PHD finger in 1% BSA/TBST buffer was added for 1 h at room temperature. The protein solution was aspirated, and the chambers were washed three times with ∼300 μL of TBST. A 1:2000 dilution of biotinylated GST antibody (Santa Cruz Biotechnology) in 1% BSA/TBST buffer was added to the chamber and incubated for 1 h at room temperature. The antibody solution was removed, and the chambers were washed three times with ∼300 μL of TBST. A 1:2000 dilution of streptavidin conjugated Alexa Fluor-647 (Invitrogen) in 1% BSA/TBST buffer was added to the chamber and incubated for 1 h at room temperature. The solution was aspirated, and chamber was washed three times with ∼300 μL of TBST. The gasket was removed from the slide surface, and the surface was rinsed briefly with water before being quickly dried under a stream of air. The fluorescent signal was detected on a Typhoon FLA 9000 and quantified using ImageQuant TL software (GE Healthcare).
Amplified Luminescent Proximity Homogeneous Assay (ALPHA). Recombinantly purified CHD5-PHD finger proteins were diluted into StabilCoat buffer (Surmodics) at 100 μM concentration. Peptides corresponding to the first 11 amino acids from the histone H3 N-terminus were synthesized with either a 6x-His repeat or biotin functionality. Stock solutions of peptide were made in StabilCoat buffer (1 μM). Proteins and peptide corresponding to each experimental condition were then diluted into a volume of 27 μL in 1 / 2 area white 96-well plate (Perkin-Elmer) to yield a final concentration of 10 μM protein and 1 μM peptide. The plate was sealed and allowed to shake for 30 min at 200−300 rpm at ambient temperature. A small volume (3 μL) of 150 μg/mL donor and acceptor bead stock solution was added to each well for a working concentration of 15 μg/mL each bead. The solutions were allowed to shake for 30 min at 200−300 rpm at ambient temperature in the dark. Fluorescent emission was detected at 570/100 nm using a Biotek Synergy H4 plate reader and ALPHA specific filters.
15
N-Labeled Protein Purification and NMR Titrations. The CHD5-PHD 1 , PHD 2 , or PHD 1−2 fingers were expressed in E. coli BL21(DE3) pLysS cells grown in 15 NH 4 Cl supplemented minimal media. Bacteria were harvested by centrifugation after induction with IPTG (0.5 mM) and lysed by sonication. The GST-fusion protein was purified over glutathione agarose resin (Fisher), and the GST tag was cleaved with PreScission protease. The protein was concentrated into 20 mM Tris pH 6.8, in the presence of 150 mM NaCl and 3 mM DTT.
1 H, 15 N heteronuclear single quantum coherence (HSQC) spectra were recorded on a 0.1 mM PHD 1−2 sample on a 600 MHz Varian INOVA spectrometer in the presence of increasing concentrations of a histone H3 tail peptide 1−12 (synthesized by the UCD Biophysics Core Facility).
Surface Plasmon Resonance. All measurements were made with the isolated PHD-finger domains cleaved of the GST-affinity tag on a BIAcore 2000 instrument. Biotinylated histone H3 peptides 1−11 were immobilized onto the SA sensor chip by flowing 5 μL of 2 μg/mL H3 peptide solution in HBST buffer (10 mM Hepes; 150 mM NaCl; 0.005% NP-4 0; pH 7.5). Data were acquired by passing increasing concentrations (0−100 μM) of CHD5 PHD finger over the sensor chip for 2 min at a flow rate of 30 μL/min. The sensor chip surface was regenerated by flowing a strip solution (1 M NaCl) for 5 s at a flow rate of 30 μL/min. The dissociation constants (K d ) were obtained by fitting the data with BIAevaulation software to a 1:1 Langmuir and bivalent binding model (PHD 1−2 ). individual PHD fingers from chromodomain, helicase DNAbinding protein 5 (CHD5), two distinct platforms of histone post-translational peptide libraries were employed. One platform involves a targeted, spatially addressed library of 16 different PTM states from histone H3 and H4, while the second platform contains a 5000-member combinatorial histone H3 library on beads. 46 The miniature 16-member histone peptide library was devised around relevant post-translational modifications (PTMs) on histone H3 and H4 (Figure 2A ) using celluspot peptide synthesis. 47 After parallel peptide synthesis, the library was microarrayed on white-foil coated microscope slides (Intavis). Each peptide was arrayed 16 times to account for irregularities on the slide surface. A single library fits onto a 2 cm × 2 cm square space on the slide surface and contains a total of 256 peptide spots. Glutathione S-transferase (GST)-tagged versions of the PHD fingers were recombinantly expressed and purified. To interrogate the binding specificity of the CHD5 PHD fingers (Figure 2B ), the GST-fusion proteins were incubated with the library and the ability to bind the peptide arrays was assessed using an anti-GST biotinylated antibody. After appropriate wash steps, addition of streptavidinconjugated Alexa Fluor 647 permitted the quantification of binding as the intensity of fluorescence emission at 647 nm. Fluorescence intensity at each 16-replicate spots was averaged and the standard deviation calculated. The values were then normalized to the highest intensity spot in the screen.
Binding analysis revealed that both PHD 1 and PHD 2 specifically bind to unmodified forms of the histone H3 Nterminus. The CHD5-PHD 1 displayed significantly lower overall signal intensity compared to CHD5-PHD 2 ( Figure  2C,D) . Separately, each domain displayed highest preference for the completely unmodified form of the first 11 amino acids of the H3 N-terminus (peptide 2). Compared with unmodified H3, there was a slight reduction in signal intensity when arginine-2 contains symmetric dimethylation (peptide 15) and a major decrease (>90%) in signal when lysine-4 is trimethylated (peptide 1). Interestingly, there was no detectable binding signal when threonine 3 is phosphorylated (peptide 11). The lack of binding to other H3 and H4 sequences and the observation that no signal was detected for the H3 peptide containing amino acids 4−14 (peptide 4) yielded sequence specific binding information for both PHD 1 and PHD 2 ( Figure  2C,D) . Peptide 4 lacked the three most N-terminal amino acids (ART) on H3, indicating the importance of these three residues for binding affinity.
To corroborate and expand on the results from the microarray peptide library, a 5000-member combinatorial H3 library was employed. This H3 one-bead one-peptide library was previously used to explore the binding specificity of other chromatin reader domains. 46 Briefly, the library was incubated first with the glutathione S-transferase (GST)-tagged versions of the PHD fingers, second with a GST-specific primary antibody, third with a biotinylated secondary antibody, and finally with streptavidin-conjugated alkaline phosphatase (SAAP). Addition and hydrolysis of the SAAP substrate 5-bromo-4-chloro-3-indolyl phosphate (BCIP) resulted in formation of a turquoise precipitate on beads bearing sequences that bound to the target protein. Color development was allowed to proceed for ∼15 min. Eleven dark blue beads were chosen for PHD 1 analysis, and for PHD 2 55 dark blue beads were chosen (full sequences can be found in Supporting Information Tables 1 and 2 ). The fewer observed positive beads in the PHD 1 screen suggested weaker overall affinity for H3 compared with PHD 2 . The peptides from individual beads in both screens were cleaved, and the PTM patterns were identified by MALDI-TOF analysis ( Figure 2E,F) , as previously described. 46 To assess which PTM states affected overall binding efficiency, discrimination factors were calculated by taking the frequency of that particular PTM among the blue beads (positive hits) divided by the frequency of that PTM observed Discrimination factors for the modification preferences of CHD5-PHD 1−2 as previously described. 46 (C) The methylation states at H3K4 and H3R2 were analyzed in the context of each other. Peptides containing only Rme2a/s were analyzed to determine their levels of methylation at H3K4 (frequency of methylation states in bottom circle graphs). Peptides containing only Kme2/3 were analyzed to determine the methylation levels at H3R2 (frequency of methylation states denoted in top circle graphs).
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Article dx.doi.org/10.1021/bi3006972 | Biochemistry XXXX, XXX, XXX−XXX in a random pool of 100 beads. The magnitude of the discrimination factor correlates with binding preferences at each variable position and corrects for any synthetic bias in library construction ( Figure 2E,F) . Black bars at the various amino acid positions represent modifications states that were particularly important for the binding interaction while gray bars represent modifications of less importance. The ability to select 55 beads for CHD5-PHD 2 also allowed for a statistically significant chi-squared (χ 2 ) analysis to determine whether the modification state of a particular position was important for binding ( Figure 2F ). Chi-squared analysis was not performed on PHD 1 due to lack of sufficient positive hits from the library screen.
Both PHD 1 and PHD 2 displayed strong preference for binding the unmodified form of lysine-4 (9 out of 11 beads for PHD 1 ; 41 out of 55 for PHD 2 ) as was denoted by significant discrimination factors in both cases (PHD 1 = 3.9 and PHD 2 = 3.6) ( Figure 2E,F) . Discrimination against di-and trimethylation is evidenced by the complete lack of either modification in the either screen. The unmodified or monomethylated form of arginine-2 was favored for binding as there was a low occurrence of dimethylation (symmetric and asymmetric) in both PHD-finger screens (0 out of 11 beads for PHD 1 ; 13 out of 55 for PHD 2 ). This observation corroborates with the binding data from the miniature microarray library. Both PHD fingers showed intolerance for phosphorylation of H3T3 (zero occurrences) and H3T6 (0 out of 11 beads for PHD 1 ; 1 out of 55 for PHD 2 ). Phosphorylation of H3S10 was also detrimental for binding to both PHD fingers, demonstrated by the extremely low occurrence of this modification (0 of 11 beads for PHD 1 ; 9 of 55 for PHD 2 ).
Taken together, the results from the two screening methods demonstrate the ability of both CHD5 PHD 1 and PHD 2 to recognize the unmodified form of the histone H3 N-terminus. Both PHD fingers are sensitive to several modifications within the N-terminal region including methylation at both H3R2 and H3K4 and phosphorylation at H3T3, H3T6, and H3S10. Interestingly, modification of either H3R8 or H3K9 did not significantly affect binding. Lastly, the three most N-terminal amino acids (ART) are essential for high affinity binding to each PHD finger.
CHD5-PHD 1−2 Tandem Domain Recognizes the NTerminus of H3 with Unaltered Specificity. To evaluate whether the tandem linked domain of PHD 1−2 displays equivalent binding specificity when compared with the individual PHD fingers, the tandem domain was screened using the miniature spatially addressed histone library and a 5000-member combinatorial histone H3 library. Binding analysis from the spatially addressed library screen revealed a nearly identical profile for PHD 1−2 compared with PHD 1 and PHD 2 alone ( Figure 3A) . The linked PHD fingers PHD 1−2 are specific for the unmodified form of the histone H3 N-terminus (peptide 2). There is a slight reduction in signal intensity when arginine-2 contains symmetric dimethylation (peptide 15) and about 75% signal reduction when lysine-4 is trimethylated (peptide 1). There was no detectable signal above background when threonine 3 is phosphorylated (peptide 11). The observation that no signal was present for peptide 4 again demonstrated the importance of the three most N-terminal amino acids (ART) ( Figure 3A) .
Next, the tandem PHD 1−2 was screened against the 5000-member combinatorial histone H3 library. A high occurrence of positive hits (90 selected) allowed for positional chi-squared analysis ( Figure 3B ; Supporting Information Table 3 ). As with the screens for PHD 1 and PHD 2 , discrimination factors were calculated by taking the frequency of a particular PTM among the blue beads (positive hits) and dividing by the frequency of that PTM observed in a random pool of 100 beads. Similar to the results with the individual PHD-finger screens, there was a strong preference for the unmodified form of H3K4 (discrimination factor of 2.3; 44 out of 90 beads) ( Figure  3B ). There was a high degree of discrimination against phosphorylation at H3T3 (0 out of 90 beads) and H3T6 (0 out of 90 beads), consistent with the trends observed for the individual PHD fingers. Phosphorylation of H3S10 was also a statistically significant modification by chi-squared analysis, though less of a negative influence on binding compared with either H3T3 or H3T6, as noted by a higher occurrence of H3S10ph in the screen (24 out of 66 beads).
The greater number of positive hits in the PHD 1−2 screen suggested tighter overall binding relative to the two domains individually. This allowed us to include additional hits that displayed slightly weaker binding (lighter shades of blue). Inclusion of these data permitted an interesting "methylation cross talk" analysis to be performed ( Figure 3C ; Supporting Information Tables 4 and 5 ). There was a higher occurrence of dimethylation (both symmetric and asymmetric) at H3R2 and di/trimethylation at H3K4 when compared with PHD 1 or PHD 2 alone. About 39% of peptides from the screen contain either Rme2a or Rme2s. The occurrence of these modifications decreases to 17% when analyzing peptides that also contain high methylation at H3K4 (me2/3) demonstrating sensitivity of PHD 1−2 to the overall methylation state of the peptide. Similarly, the occurrence of peptides containing low methylation at H3R2 (R2unmod or R2me1) increases from 56% (in all peptides) to 86% (peptides containing only Kme2/3 at H3K4).
The occurrence of peptides containing high methylation at H3K4 (me2/3) decreases from 13% to 6% when analyzing peptides that also contain R2me2a or R2me2s ( Figure 3C) . Similarly, occurrence of peptides with low methylation at H3K4 (K4unmod and K4me) increases from 74% (in all peptides) to 91% (peptides only containing Rme2a/s at H3R2). This understates the deleterious effect methylation of the Nterminus at these two positions has for PHD 1−2 recognition and demonstrates a combinatorial negative binding effect when the overall methylation state of the H3 N-terminus is high.
Although the binding profile for the tandem domain was similar to that of PHD 1 and PHD 2 , the overall signal intensity for PHD 1−2 was notably higher in both peptide screens compared to either domain alone (at the same molar concentrations). This implied a stronger interaction between PHD 1−2 and the H3 N-terminus that had two plausible general mechanistic explanations: (1) both domains concomitantly engage a single copy of the H3 N-terminus, resulting in an overall higher affinity, or (2) each PHD domain binds a distinct copy of the H3 N-terminus, resulting in a higher binding affinity (avidity) due to bivalent engagement.
Tandem CHD5-PHD 1−2 Engages Two Copies of the H3 N-Terminus. After demonstrating that both individual PHD fingers from CHD5 recognize the unmodified N-terminus of histone H3 and that the two together do not have altered specificity, the binding mechanism was further explored using several techniques. To explore the likelihood that PHD 1−2 can bind two distinct copies of the H3 N-terminus, an amplified luminescent proximity homogeneous assay (ALPHA) was Figure 4A ). Signal from the ALPHA depends on the proximity of a streptavidin-functionalized donor bead and Ni 2+ -chelated acceptor bead. Donor beads contain a photosensitizer, phthalocyanine, which converts ambient oxygen to an excited form of singlet oxygen upon illumination at 680 nm. Within its 4 μs half-life, the singlet oxygen can diffuse ∼200 nm in solution. If an acceptor bead is within that proximity, energy is transferred from the singlet oxygen to thioxene derivatives within the acceptor bead, culminating in light production at 520−620 nm. In the absence of an acceptor bead, the singlet oxygen falls to ground state and no signal is produced.
Two identical peptides pertaining to the first 11 amino acids of the H3 N-terminus were functionalized with either biotin or 6x-histidine at their C-terminus to facilitate interaction with the ALPHA donor and acceptor beads, respectively. The proximity of these differentially functionalized peptides in the presence of CHD5-PHD 1−2 resulted in a significant increase in fluorescent signal intensity when compared with the CHD5-PHD 1 (96% increase) or CHD5-PHD 2 (82% increase) single domains ( Figure 4B ). There was no signal above background when PHD 1−2 was incubated with either functionalized peptide alone or when both peptides were incubated in the absence of protein. For comparison, we analyzed the single PHD finger from BHC80, which also binds H3K4unmod. 42, 46 BHC80 showed 95% lower signal intensity when compared with CHD5-PHD 1−2 , consistent with the inability of BHC80 to bind simultaneously two peptides. These results suggest the unique capability of PHD 1−2 to engage two individual copies of the unmodified histone H3 N-terminus.
To corroborate the results of the ALPHA, NMR titrations were employed. distinct binding events in PHD 1−2 , with the resonances of PHD 2 shifting significantly upon the first addition of peptide. The CHD5-PHD 2 begins to saturate at a ∼1:2 protein:peptide molar ratio (yellow), while saturation of PHD 1 only starts at ∼1:10 (blue) ( Figure 5 ). Together this data suggests that each PHD domain binds a distinct histone H3 tail peptide and that PHD 2 has a slightly higher affinity for the H3 peptide than does PHD 1 .
To demonstrate that bivalent association explains the increased apparent affinity of PHD 1−2 for immobilized H3 Nterminal peptides, a modified version of the celluspot library was employed ( Figure 6A ). In this "dilution library" a single peptide encompassing the first 11 amino acids of histone H3 was synthesized using the celluspot technique. 47 The stock solution of H3 peptide was diluted to yield eight concentrations over 2 orders of magnitude and subsequently arrayed in duplicate on a slide surface ( Figure 6A ). The GST-based detection assay ( Figure 2B ) was used to compare relative affinities of the linked tandem PHD 1−2 domain against single PHD 2 or the combination of unlinked PHD 2 + PHD 1 . The signal from four replicate dilution libraries was averaged (8 replicates per peptide concentration) and the standard deviation calculated (Figure 6B,C) .
The interaction of the linked PHD 1−2 with H3 N-termini of the dilution library yielded fluorescent signals that were ∼10 times higher than PHD 2 alone ( Figure 6C ). The signal from PHD 1 at this concentration was too low to quantify accurately (data not shown). To illustrate that the 10-fold signal increase for linked PHD 1−2 is not based solely on the presence of both domains in the assay, a combination of unlinked PHD 1 + PHD 2 was tested. The unlinked combination showed only a slight increase in signal intensity compared to PHD 2 alone ( Figure  6C ). These data underscore the importance of connecting the two domains together to achieve overall higher affinity from an avidity effect.
Next, we utilized surface plasmon resonance and immobilized histone H3 1−11 to assess whether the apparent increase in affinity of the tandem PHD 1−2 is due to avidity, which would be reflected in the dissociation. Response curves were acquired by passing increasing concentrations (0−100 μM) of CHD5 PHD-finger constructs over the sensor chip containing immobilized histone H3. Curves were fitted with BIAevaluation software, and the results are summarized in Table 1 .
Sensorgram data from PHD 1−2 , PHD 1 , and PHD 2 were fitted to a 1:1 Langmuir model and additionally to a bivalent binding model for PHD 1−2 (Supporting Information Figures 1−3) . From the 1:1 Langmuir model, the estimated K d value for PHD 1−2 was 4−11 lower than PHD 1 and PHD 2 alone. Importantly, the bivalent binding model for the PHD 1−2 sensorgrams yielded a much better fit. Consistent with the apparent K d difference in the 1:1 Langmuir fits, the last off-rate (k d ) for PHD 1−2 is 5−6-fold slower than the k d values derived from the individual domains (Table 1 ). The magnitude change in affinity (difference in dissociation) measured from the dilution library and SPR experiments is similar to results obtained from bivalent antibodies compared with their monovalent Fab fragments. 48 Together with the NMR titrations, the dilution peptide library, and the ALPHA, these results demonstrate the ability of CHD5-PHD 1−2 to recognize two distinct copies of the unmodified H3 N-terminus, leading to an important avidity effect that provides direct evidence for the binding capacity of tandem reader domains.
■ DISCUSSION
The ability of linked chromatin binding modules to independently recognize different regions of histones is generally believed to be a critical component of protein complexes that must interpret the diversity in the histone PTM language. However, there is relatively little biochemical evidence to support this hypothesis. There are a few reports where tandem PHD-bromo domains specifically recognize histone modifications in cis, i.e., on the same histone protein (H3K4unmod and H3K23ac) or in trans, i.e., on different histone proteins (H3K4me3 and H4K16ac). 40, 41, 49 In these studies, the ability of tandem PHD-bromo domains to independently recognize dual modification states plays two central roles. The first is the enhanced specificity that dual recognition confers for these proteins. It allows the proteins to target very specific regions of chromatin where both modification states coexist. The second is the enhanced strength of interaction that is provided by contacting two histone regions. Dissociation of polyvalent chromatin interactions requires breaking n modification + n module interactions; it is therefore predicted that dissociation occurs more slowly in the polyvalent interaction than in corresponding monovalent interactions. This is essentially an avidity effect where transient unbinding of a single module does not allow the protein to diffuse away, and rebinding of that module is more probable, leading to an overall enhancement in affinity.
The results presented in this study suggest that the tandem PHD fingers of CHD5 employ bivalent ligand recognition of unmodified histone H3 N-termini to recruit/stabilize CHD5-containing complexes at targeted genomic loci. Intriguingly, it appears that CHD5 activity is required for appropriate transcription of the Ink4/Arf gene locus, 27,29 which is an upstream activator of the tumor suppressor p53. We hypothesize that the bivalent interaction of the tandem PHD fingers may facilitate transcription at such loci through recruitment or stabilization of CHD5. Because of the densely packed heterochromatic structure at this normally repressed region, there is likely a high density of unmodified (at H3K4) histone tails. The existence of regions of chromatin where the unmodified N-terminus of H3 is dense would serve as an excellent recognition platform for the tandem PHD fingers. Consistent with our findings, the presence of H3K9me3 (a modification highly associated with compact heterochromatin) would not affect the ability of CHD5-PHD 1−2 to recognize histone H3. Previous studies with the closely related CHD4 PHD fingers report a slight enhancement of binding in the presence of this modification. 45, 50, 51 Overall, our studies elucidate the mechanistic basis for initial observations that binding of the NuRD complex was inhibited by H3K4 methylation. 52, 53 CHD5-PHD 1−2 recognition of histone H3 might serve as an initial step in an ATPase-dependent chromatin-remodeling transition from repressed to transcriptionally active chromatin. 2.18 × 10 −3 ± 3 × 10 −5
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a The binding on-rate (k a ), off-rate (k d ), and overall dissociation constant (K d ) were determined using a 1:1 Langmuir association model (Supporting Information Figures 1−3) . The chi-squared value (χ 2 ) denotes the goodness of fit for the binding model. A bivalent analyte binding model was also used to fit the data from PHD 1−2 . This is an intriguing possibility considering a recent study that demonstrates the necessity of the dual CHD4 PHD fingers for maintaining the repressive function of the CHD4/NuRD complex. 45 Musselman et al. proposed that the CHD4 PHD fingers can recognize histone H3 tails on the same nucleosome, but the possibility of internucleosomal recognition for the CHD4 or CHD5 PHD fingers cannot be ruled out. There is significant evidence that the NuRD complex can function in either gene activation or gene repression in different contexts, though a mechanistic understanding is still unknown. 11, 54 It is appealing to speculate that interexchange of CHD4 and CHD5 within the NuRD complex may drive the specificity and thus the decision of the resulting complex to act as either a repressor or an activator of transcription, respectively. Nevertheless, these biochemical studies provide the framework for understanding how multiple chromatin binding modules function to interpret the combinatorial PTM capacity written in chromatin.
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